ABSTRACT--Inspired by biological systems in which damage triggers an autonomic healing response, a polymer composite material that can heal itself when cracked has been developed. In this paper we summarize the self-healing concept for polymeric composite materials and we investigate fracture mechanics issues consequential to the development and optimization of this new class of material. The self-healing material under investigation is an epoxy matrix composite, which incorporates a microencapsulated healing agent that is released upon crack intrusion. Polymerization of the healing agent is triggered by contact with an embedded catalyst. The effects of size and concentration of the catalyst and microcapsules on fracture toughness and healing efficiency are investigated. In all cases, the addition of microcapsules significantly toughens the neat epoxy. Once healed, the self-healing polymer exhibits the ability to recover as much as 90 percent of its virgin fracture toughness.
Introduction
Fracture of the skeletal structure in biological systems provides an excellent model for developing a synthetic healing process for structural materials. For a bone to heal, nutrients and undifferentiated stem cells must be delivered to the fracture site and sufficient healing time must elapse.1 The healing process consists of multiple stages of deposition and assem-2 cr bly of material, as illustrated in Fi~. 1. The network of blood vessels in the bone is ruptured by the fracture event, initiating autonomic healing by delivering the components needed to regenerate the bone. In recent breakthrough research, White et al. 3 have developed a self-healing polymer that mimics many of the features of a biological system. The self-healing system, shown schematically in Fig. 2 Science and Technology, 306 Talbot Laboratory, 104 South Wright Street, Urbana, IL 61801. Original manuscript submitted: February 26, 2002. Final manuscript received: August 6, 2002. diene (DCPD), a highly stable monomer with excellent shelf life, was encapsulated in microcapsules with a thin shell made of urea-formaldehyde. A small volume fraction of microcapsules was dispersed in a common epoxy resin along with the Grubbs ROMP catalyst, a living catalyst that remains active after triggering the polymerization. The embedded microcapsules were shown to rupture in the presence of a crack and to release the DCPD monomer into the crack plane. Contact with the embedded Grubbs catalyst initiated polymerization of the DCPD and rebonded the crack plane. Crack healing efficiency, q, is defined as the ability of a healed sample to recover fracture toughness 4
where Ktcv~gi, is the fracture toughness of the virgin specimen and Klche~d is the fracture toughness of the healed specimen. Fracture test results using the ROMP-based healing system revealed that, on average, 60 percent of the fracture toughness was recovered in the healed samples. Crack healing phenomena have been discussed in the literature for several types of synthetic materials including glass, concrete, asphalt and a range of polymers. 4-22 While these previous works have been successful in repairing or sealing cracks, the healing was not self-initiated and required some form of manual intetwention (e.g., application of heat, solvents, or healing agents). Others have proposed a tube delivery concept for self-repair of corrosion damage in concrete and cracks in polymers.23-25 While conceptually interesting, the introduction of large hollow tubes in a brittle matrix material causes stress concentrations that weaken the material, and beneficial healing may be difficult to realize. 25
In contrast, the microcapsule concept developed by White et al) is particularly elegant and promising for healing brittle, thermosetting polymers. In this paper, we present a comprehensive experimental im, estigation of the correlative fracture and healing mechanisms of this self-healing system. The effects of microcapsule concentration, catalyst concentration and healing time are studied with a view towards improving healing efficiency.
Experimental Procedure
Using the protocol established by White et al., 3 healing efficiency is measured by carefully controlled fracture experiments for both the virgin and the healed materials. These tests utilize a tapered double-cantilever beam (TDCB) geometry, which ensures controlled crack growth along the centerline of the brittle specimen. The TDCB fracture geometry, developed by Mostovoy et a1.,26 provides a crack length independent measure of fracture toughness ?!i 
which requires knowledge of only the critical fracture load Pc and geometric terms m and ~. The value of ~ depends on the specimen and crack widths b and bn, respectively. The value of m is defined by the theoretical relation 3a 2 l
or determined experimentally by the Irwin-Kies 27 method where
Young's modulus is given by E, C is the compliance, a is the crack length from the line of loading, and h(a) is the specimen height profile. For the TDCB sample geometry, the healing efficiency (eq (1)) is rewritten as
Pcvirgin

TDCB Specimen
Valid profiles for a TDCB fracture specimen are determined by finding a height profile that, when inserted into eq (3), yields a constant value of m over a desired range of crack lengths. Height profiles that provide an exact solution are complex curves, but are approximated with linear tapers. 12, 26, 28, 29 In the current work, we adopt a modified version of the TDCB geometry developed and verified by Beres et al. 28 Relevant dimensions are shown in Fig. 3 .
When the taper angle is small, a crack propagating in a brittle material exhibits a propensity to deflect significantly from the centerline. Failure commonly occurs as arm breakoff. To ensure fracture follows along the desired path, side grooves are incorporated into the TDCB geometry. The addition of side grooves is valid for the TDCB geometry, as there is no restriction that b and bn be the same. Stable crack propagation with maximum crack width, bn, is obtained by selecting a groove with 45 ~ internal angle. 3~ For this particular geometry, the geometric term f~ in eq (2) is given by 31 061 039 = b ' b Z . 
Fig. 3--TDCB geometry (dimensions in mm)
A series of 18 fracture toughness tests was performed on pm'e epoxy (EPON | 828/DETA) TDCB specimens with crack lengths ranging from 20 to 37 mm to determine m from eq (4). A plot of compliance versus crack length was constructed and a linear fit made, extrapolating a constant value of dC/da. The fracture toughness of the neat.epoxy and the geometric constant m were measured to be 0.55 MPa m 1/2 and 0.6 mm -1. This experimental value ofm is in excellent agreement with the value predicted by the finite element method (FEM). 28 The Young's modulus of the epoxy was measured according to the American Society for Testing and Materials (ASTM) Standard D 638, E = 3.4 -4-0.1 GPa.
Sample Preparation and Test Method
Samples were prepared by mixing EPON | 828 epoxy resin with 12 pph Anacmine @ DETA curing agent. The epoxy Experimental Mechanics 9 373
